Abstract. The ion-aerosol balance equations have been solved for different mixing strengths and two types of ionization profile to get vertical profiles of atmospheric electric parameters close to the Earth's surface. The inclusion of surface radioactivity in the model causes the decrease in electric field to be more intense at lower levels than at higher levels, an increase in the asymptotic value of the field, and an increase in the space charge density gradient. When the mixing of atmosphere is very weak, a reverse electrode effect is observed under the condition of enhanced ionization due to trapped radon, with the decrease in ion densities above 1 m. However, with an increase in eddy diffusivity, the positive ion concentration decreases, and the negative ion concentration increases with increasing height above the diffusion layer. Further increase in eddy diffusivity causes the profiles to become almost similar to those for which the ionization is constant with height. 
Introduction
The distribution of atmospheric electric variables close to ground is governed by the phenomenon of the electrode effect. In the simplest case of a calm, aerosol-free atmosphere of uniform ionization, the fair weather field is responsible for the separation of ions; that is, it sweeps negative ions away from the surface. Consequently, a sheath of positive space charge is formed near the surface of the Earth. In this sheath the atmospheric electric field magnitude increases, but the electrical conductivity decreases by a factor of about 2 toward the ground. This simple phenomenon is known as the classical electrode effect. However, in the atmosphere, the phenomenon is generally more complicated because of the presence of the aerosol particles, nonuniform ionization, and turbulence. For example, the increased ionization rate at the surface causes changes in the net space charge distribution [Hoppel, 1967] . Further, the convective mixing of space charge in the normal turbulent atmosphere is very effective in dispersing the space charge layer, because mixing tries to smooth out gradients and maintain the homogeneous situation. An increase in the strength of turbulence normally increases the thickness of the electrode layer and decreases its intensity to the extent that the phenomenon becomes almost Adkins [1959] has studied the effect in fields exceeding 500 V m-' but not too high for corona to occur. His observations show that the classical electrode effect occurs under the conditions of strong field even when the complexities due to aerosols, nonuniform ionization, etc., exist. Law [1963] has found that the small-ion concentration profiles computed numerically by assuming the ion mobility, lifetime of ions, and electric field to be independent of altitude are consistent with the observed values of ion concentration. His experiments show that in fields weaker than 100 V m -1 both the positive and negative small-ion densities decrease with increasing height in the lowest 1 m over short grass. This decrease is more pronounced in nighttime than in daytime and can probably be explained in terms of the surface and trapped radioactivity under weak mixing conditions. Law [1963] has also observed that the space charge density at a height of about 50 cm changes from positive by day to negative at night. In a nonturbulent atmosphere he considers (1) a constant conduction current density with height, (2) normal downward electric field, and (3) downward gradient of conductivity and concludes that there are convection currents which are stronger in daytime and weaker in nighttime. On calm nights, Crozier [1965] has also observed the reverse electrode effect at his New Mexico site, which is destroyed by a wind as weak as 1 m s-1.
Hoppel [1967] has solved the first-order steady state ion balance differential equations for cases which do not include turbulent diffusion of ions but include a difference in the mobilities of the negative and positive ions, a change in ionization with height, and an arbitrary number of conditions of enhanced ionization rate due to trapped radon, which decreases with height, the reverse electrode effect can occur. In his case, the asymptotic value of electric field becomes greater than the surface electric field. Further, in the presence of aerosols the thickness of the electrode layer decreases, and the effect of surface {x emission becomes pronounced.
In the turbulent electrode layer, Hoppel [1969] Aspinall [1972] has concluded from his surface measurements that the current density at the ground is made up of the conduction and convection components with small difference in their magnitudes. He finds that the convection current varies in nearly perfect correlation with the diurnal variation of the space charge density measured at 80 cm. He observes the space charge to be positive with a maximum at night and a minimum in the afternoon. These results support the calculations of Hoppel [1969] and Willett [1978] that the space charge is transported down its gradient to the surface by turbulent diffusion. Willett [1978] has shown that the conductivity profile in the electrode layer becomes independent of the conduction process under strong turbulent conditions. From a relationship between the surface wind stress and the thickness of the electrode layer, he suggests that for the strong turbulence conditions over land, the positive and negative ion density profiles become similar, and ion densities decrease toward zero at the surface. It follows that since the total conductivity must vanish at the surface, the total current there must be carried by the turbulent and molecular diffusion of space charge down its density gradient. A conductivity profile experiment conducted by Willett [1981 ] shows that both polar conductivities decrease toward the ground at least over the lowest meter. A surface current experiment conducted by Willett shows that the ratio of negative to positive conductivity near the surface increases toward unity with increasing wind speed. Moreover, it emphasizes the fact that part of the current at the surface is carried by the turbulent diffusiom A combined effect of the nonturbulent electrode effect and trapped radon radioactivity is the downward gradient of positive conductivity and the upward gradient of negative conductivity. Hoppel [1967] has shown that this layer is quite shallow.
Observations of Kamra [1982] show that the nighttime negative space charge density decreases and the daytime positive space charge density increases with height. The results are consistent with the view that a convection current comparable to the conduction current may flow at the lower levels. Tuomi [1982] Israelsson et al. [1993] have measured the conductivity in fair weather with no clouds, no snow on the ground, wind of about 3.5 m s -!, and low radioactive emanation from the ground and compared their results with those of Willett [1978] . The experimental results are in good agreement with the hypothesis of a turbulent electrode effect in the limit of strong turbulent mixing. The agreement confirms the relation between surface wind, electrical conductivity, and thickness of the electrode layer. In these conductivity profiles over the bare ground, the conductivity increases with height while only the negative conductivity shows a strong height dependence over the ice [Ruhnke, 1962] .
It is evident from the above that while previous studies have presented rigorous numerical solutions to the steady state ion balance equations, including the effects of turbulence, charged aerosols, and ground radioactivity, none has systematically included the effects of all three. In this paper, general case. We consider a gradual transition of the electrode effect and explain the behavior of atmospheric electric parameters close to ground when the ionization is constant or varying with height. The results of this paper are important to understand the case over land, where the ground radioactivity plays an important role.
Model
Most of the equations in this section are from Hoppel and Gathman [1971 ] . The model is based on the usual steady state ion balance equations, which describe the dependence of atmospheric electric quantities on height z, assuming horizontal homogeneity. The variables represent their mean values averaged over the time periods which are long compared to the largest-scale eddies found in atmosphere and during the periods when steady state turbulence applies.
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Results and Discussion
The experiments of Crozier and Biles [1966] and calculations of Hoppel [1967] show that in nonturbulent stable conditions, radon is trapped at lower levels when wind speeds are less than 1 m s -l and it causes anomalous ionization and the reverse electrode effect. In our calculations we start with nearly nonturbulent conditions characterized by an eddy diffusivity K(z) at 1 m of approximately 0.01 m 2 s -I (X = 1 m 2 s-l), which corresponds to an air velocity of approximately 0.5 m s -• [Tuomi, 1982] . Under such conditions, radon trapping is effective, and we can study the transition of the electrode effect from nearly nonturbulent to turbulent conditions. Figures l a, 1 b, and 1 c show the Figure I shows that just like surface radioactivity, the increase in stability also contributes in reducing the thickness of the electrode layer.
In Table I we compare our case, where the ionization decreases with height, with that of Hoppel and Gathman [1971] , where the ionization is assumed as constant with height. In our case the field at 10 m is smaller than the field attained in their solutions at 10 m. The decrease in field is more intense at lower levels than at higher levels. When the ionization is constant with height, the asymptotic value of field is the same in the presence or absence of aerosols, and the surface value of the small-ion space charge density gradient decreases in the presence of aerosols. However, after the inclusion of surface radioactivity the decrease in field remains smaller than E(0) in our case. However, the intensity of electrode effect is much higher when g is low. The situation differs substantially from that of Hoppel [1967] when diffusivity is included in our case. Here the diffusivity acts to remove the positive ions. Even a low diffusivity is sufficient for lifting up the positive and negative space charge regions. Therefore, when we include radon radioactivity, do/dz > ednd dz > edt•2/dz; that is, the variation of space charge density with height is larger than that of the individual ion densities. Such a general inference cannot be drawn when the ionization is assumed constant with height since both polar conductivities keep increasing with height. Therefore we conclude that the variation in small ion positive space charge density depends upon the surface radioactivity and, as previously shown, the region in which thins variation occurs is determined by X. Figures 1 and 4) . Thus, in the limit of strong turbulent mixing, the effect of radon is just like the effect due to 13 radiation.
3.1.Variability of the Profiles

Comparison With Other Studies
Willett [1978] and Tuomi [1982] 
Determination of Eddy Diffusivity
In steady state turbulent conditions the small-ion space charge density gradient at ground is the main factor which alters the distribution of atmospheric electricity variables. Hoppel and Gathman [1971] occurrence of negative space charge at lower levels under the reverse electrode effect, while the presence of aerosols is less significant. (3) The concentrations of charged aerosols at ground level are dependent on the mixing parameter X. When diffusivity is high, the large-ion space charge spreads to higher levels in the mixing layer than the small-ion space chargeø Diffusivity also controls the magnitude of the space charge for large as well as small ions. Also, the space charge due to charged aerosols is relatively constant with height. (4) The nature of the profile for positive ions is more sensitive to the surface radioactivity and less sensitive to X and that for negative ions is more sensitive to X and less sensitive to the surface radioactivity. 
